ABSTRACT Numerous studies of insect species have shown that a subset of female cuticular hydrocarbons is used as short-range or contact pheromones. Here, we studied the possible use of contact pheromones in the mating behavior of the weevil Aegorhinus superciliosus, a native species of Chile. Males mounted females only after antennal contact with the femaleÕs cuticle, and only 33% of the males attempted to mate with dead females washed with solvent. When a glass rod (dummy) was coated with female cuticular extracts, males exhibited behaviors similar to those observed with females. A preliminary gas chromatographyÐmass spectrometry (GC-MS) analysis of cuticular extracts indicated that males and females share a series of aliphatic hydrocarbons but that the relative abundance of some of these compounds differ between the sexes. These results suggest that cuticular lipids mediate mating behavior of the raspberry weevil and provide the Þrst evidence of contact pheromones in curculionids.
The raspberry weevil, Aegorhinus superciliosus (Guerin) (Coleoptera: Curculionidae), is native to southern Chile and is also found in the Neuquen district of Argentina (Kuschel 1951) . In Chile, the species is a pest of blueberries, raspberries, and similar berry crops (Aguilera and Rebolledo 2001) . Although adults cause some damage by chewing leaves and shoots, serious damage is caused by the root-feeding larvae, which can kill plants (Guerrero and Aguilera 1989 , Cisternas et al. 2000 . Chemical and biological treatments have been used to control this pest. Application of azinphosmethyl or diazinon insecticides to the foliage before and after ßowering reduces adult weevil populations. However, sprays are not effective at controlling the root-boring larvae, and long-lasting residual pesticides are not used because of concerns of toxicity to pollinators (Guerrero and Aguilera 1989 , Aguilera 1995 . In addition, both fungi and entomopathogenic nematodes have been tested as biological control agents of weevil populations (Gerding 1999 , but results have been unreliable because of the variability of abiotic conditions and soil types (Molina 1997) .
Manipulation of populations with semiochemicals is another possible method for pest management. In particular, interruption of sexual communication with synthetic pheromones is well known as an environmentally benign method of pest control that allows for species-speciÞc control and concomitant reduction in the use of pesticides (Rodriguez and Niemeyer 2005) . Volatile sex attractant pheromones are detected by olfactory receptors, whereas contact pheromones are perceived as contact or gustatory stimuli (Nojima et al. 2007 ). Both attractant and contact pheromones may be important for mating success and, in some species, the two types of pheromones are used sequentially (Nojima et al. 2005) . To date, there have been no studies concerning the mating behavior of A. superciliosus or the possible semiochemicals that are involved, although long-range pheromones are known to be important to the mating of other curculionids (Stevens 1998, Mithran and Subbaraman 1999) . In addition, studies with other beetle species have provided evidence that short-range pheromones play an important role in reproduction , Allison et al. 2004 ). Here, we report evidence of a female contact pheromone and associated male behavior for A. superciliosus.
Materials and Methods
Insects. Adults of both sexes of A. superciliosus were collected from a raspberry planting in Vilcun, Araucanṍa, Chile, and placed in individual petri dishes during the summer of 2007. Weevils used in mating trials and bioassays remained isolated for at least 24 h. An insect was used in an experiment only if it was able to walk and all appendages were intact.
Preparation and Analysis of Whole Body Cuticular Extracts. Cuticular components were extracted according to the methodology described by Ginzel et al. (2006) . Cuticular chemicals were extracted from Þve freeze-killed female and male A. superciliosus by individually immersing each weevil in seven 1-ml aliquots of pentane for 2 min each. The resultant seven aliquots were combined and concentrated to 1 ml under a stream of N 2 into a single extract. Extracts were analyzed by coupled gas chromatographyÐmass spectrometry (GC-MS) with electron impact ionization (70 eV) using a ThermoFinnigan chromatograph (Milan, Italy) equipped with a BP-1 capillary column (30 m by 0.22 mm by 0.25 m; SGE, Victoria, Australia) with helium carrier gas. The GC oven was programmed to ramp from 40 to 290ЊC at 5ЊC/min and hold for 15 min. The injector and transfer line temperatures were 250ЊC. The detection limit (10 ppb) was determined using eicosane.
The components of the cuticular extracts were identiÞed for comparison of their Kovats indices and mass spectra with those of commercial standards and library database spectra using the NIST mass spectral search program (ver. 2.0), Pherobase (http://www. pherobase.com) and NIST webbook (http://webbook. nist.gov/chemistry) cited by Babushok et al. (2007) . A C 21 ÐC 40 hydrocarbons blend and individual hydrocarbons, tricosane, pentacosane, heptacosane, and nonacosane were purchased from Sigma-Aldrich (chemical purity Ͼ 99%). A 2-methylhexacosane standard was obtained from J. G. Millar, Department of Entomology, University of California, Riverside, CA. The relative abundance of cuticular hydrocarbons of female and male A. superciliosus were calculated using the data obtained from the GC-MS (Ginzel et al. 2006 , De Pasquale et al. 2007 , Yew et al. 2008 ). The differences in the mean relative abundances of speciÞc hydrocarbons between the sexes were analyzed with Student t-tests (␣ ϭ 0.05; N ϭ 5 for each male and female).
Mating Sequence. To create an ethogram that describes the mating behavior of A. superciliosus, we introduced a live female and a male in a 5-cm diameter petri dish (N ϭ 30). The behavior was recorded for 5 min with a video camera (SONY DCR-HC46) to conÞrm visual observations. The ethogram was constructed using the 2 method (Martin and Bateson 1994) . The independence of qualitative variables was determined according to Bishop et al. (1975) , and individual transitions were determined by the method described by Sokal and Rohf (1981) .
Bioassays with Female Weevils. We modiÞed the bioassay methods described by that were effective in identifying the contact pheromones of longhorned beetle species. All female treatments were replicated four times (N ϭ 4) and evaluated with 10 males. Female treatments were as follows: (1) live females; (2) freeze-killed females; (3) solvent-washed freeze-killed females with cuticular components removed; and (4) solvent-washed freezekilled females coated with a female cuticular hydrocarbon extract. For treatment 1, a live female was placed in a petri dish (5 cm diameter) with a male, and the behavior of each male was recorded by video for 5 min. For treatment 2, a freeze-killed female (Ϫ12ЊC for 20 min) was warmed to room temperature for 25 min and presented to a male, as described above. For treatment 3, the cuticular components were removed from a solvent-washed freeze-killed female (carcass) by extraction in pentane, as described above. The carcass was air-dried for 30 min to allow the solvent to evaporate and presented to a male. For treatment 4, a 1 ml of female cuticular pentanic extract corresponding to one female equivalent (FE) was pipetted onto a carcass and the pentane solvent was allowed to evaporate. The treated carcass was presented to a male to assess the bioactivity of the extract.
A trial was scored as an "attempted mating" if the male touched a female with his antennae, mounted a female, and extruded and inserted his aedeagus (steps 1Ð 4). When, after touching a female with his antennae, the male continued walking or mounted a female but did not extrude his aedeagus, the trial was recorded as "mating not attempted" (steps 1 and 2). Frequency data of males that did or did not attempt to mate were analyzed using Fisher test (Conover 1999) to compare the treatment with the control (live female).
Bioassays with Glass Dummy Treatments. The pheromonal activity of cuticular extracts and individual or blends of hydrocarbon standards were evaluated using method that was modiÞed from Fukaya et al. (1999) . A glass rod (glass dummy, 50 mm diameter by 150 mm length) was coated with 500 l of different solutions: (1) female cuticular extract (0.5 FE); (2) male cuticular extract (0.5 ME); (3) one of the following single hydrocarbons including tricosane, pentacosane, 2-methylhexacosane, heptacosane, or nanocosane formulated in pentane at 10 ng/l; and (4) synthetic female cuticular blend (1.0 FE). The synthetic solution was formulated in pentane and comprised of the more abundant hydrocarbons present in the cuticular extract of females at ratios found in nature: a 1.5:5.0:3.0:2.0:1.0 blend of tricosane, pentacosane, 2-methylhexacosane, heptacosane and nonacosane, respectively ( Table 2 ). The glass dummy was placed in a petri dish, and one male was introduced in the dish. Behaviors were recorded for 10 min. Because the glass dummy is a solid device, a male cannot insert his aedeagus. Hence, a trial was scored as a "positive response" if the male touched the glass dummy with his antennae, mounted the glass dummy, and extruded his aedeagus (steps 1Ð3).
Results
Mating Behavior. After the approach, the male touched the female with his antennae from a frontal, lateral, or posterior position (Fig. 1, step 1) . When the contact was from the front, the male walked on and explored the body of the female with his antennae, from the head to the elytrae rear tip, while holding her with his legs and simultaneously rubbing the costal side of the female abdomen with his legs. When the male found the elytrae rear tip of the female body, he quickly turned and aligned his body to mount the female. When lateral contact was made, the male turned and aligned his body to mount the female. When the contact was posterior, the male mounted the female (Fig. 1, step 2) . Then, the male bent his abdomen to connect his aedeagus with the femaleÕs genitalia, and a receptive female opened her ovipositor valve (Fig. 1, step 3) . Finally, the male inserted his aedeagus into the ovipositor to copulate (Fig. 1, step  4) . Twenty-eight of 30 males (95%) reached step 4. The average copulation time in the laboratory was 91.16 Ϯ 6.06 min (n ϭ 3). Females generally remained immobile or walked slowly during copulation, but 15.00 Ϯ 0.56 min before the end of copulation, walking accelerated and was followed by their separation. Function of Cuticular Components. When recently freeze-killed females were presented to males, 80% of the males attempted to mate with the females (P ϭ 0.0872), similar to behavior exhibited by males tested with live females (P ϭ 0.4937); but only 33% of the males attempted to mate with the same dead females washed with pentane (P Ͻ 0.0001), suggesting that the signals for mate recognition were largely removed by the solvent. Importantly, 58% of males were attracted by carcasses coated with a female cuticular extract (P ϭ 0.0001) ( Table 1) .
Chemical Analysis of Cuticular Extracts. Analyses of male and female cuticular extracts by GC-MS indicated that A. superciliosus males and females share several long-chain aliphatic hydrocarbons, which are the major extractable cuticular components. Although most components were present in both sexes, the relative abundances were different between males and females ( Table 2 ). The most abundant hydrocarbons in male extracts were 2-methylhexacosane and n-pentacosane, whereas the major alkane in females was n-pentacosane. Some sex-speciÞc compounds were identiÞed in the extracts, such as 2-methyldocosane, an unidentiÞed compound (IK 2586), and octacosane, which were speciÞc to males, and another unidentiÞed component (IK 2730), which was speciÞc to females.
Pheromonal Activity. In our assay, 70% of males extruded his aedeagus in response to a glass rod (dummy) coated with female cuticular extracts (Table 3; Fig. 2 ), whereas no response was observed when The reliability of the identiÞcation is indicated by the following letters: (1) mass spectrum (MS), Kovats indices and matching with standard; (2) mass spectrum and Kovats indices agree with corresponding data in the literature, but the data were not conÞrmed by comparison with the retention time or MS data for an appropriate identical standard compound.
e Statistical signiÞcance of differences between the sexes in mean relative abundance was tested with Student t-test (P Յ 0.05). ND, not determined; NS, not signiÞcant.
a glass rod was coated with male cuticular extracts (Table 3) . A synthetic cuticular extract was prepared from a mixture of the Þve principal hydrocarbons present in the cuticle of females at their natural ratios. Glass rods coated with this mixture elicited antennal contact and mounting (steps 1Ð2) from 55% of the males but did not lead aedeagus extrusion.
Discussion
Males contacted both live and freeze-killed females with their antennae (step 1), suggesting that gustatory receptors are located in antennal sensory structures, similar to the clover head weevil Hypera meles (Smith et al. 1976) , the pecan weevil Curculio caryae (HatÞeld et al. 1976) , the alfalfa weevil Hypera postica (Bland. 1981) , and the plum curculio Conotrachelus nenuphar (Alm and Hall 1986) . Similar behaviors were reported by Calyecac-Cortero et al. (2004) for the curculiond Trischobaris championi and by Fukaya (2003) , , and Zhang et al. (2003) for cerambycid beetles. The responses of A. superciliosus males to freeze-killed conspeciÞc females (Table 1) indicated that a behavioral response from females was not necessary for copulation. The lack of male responses to solvent-washed freeze-killed females indicated that the recognition signals were largely removed by the solvent, conÞrming that cuticular components are important for the recognition of a potential mate. The low percentage (33%) of male responses to solvent-washed freeze-killed females may be attributed to visual stimuli and/or mechanoreception . Visual orientation is likely to be involved in mate location in some cerambycids, such as Anoplophora malasiaca (Fukaya et al. 2005) and A. glabripennis (Li et al. 1999) . The reduction in the response of males to solvent-washed freezekilled females coated with female cuticular hydrocar- Step 1 Step 2
Step 3 Step 4 bon extract (58%) compared with freeze-killed females (80%) suggests that the processes of solvent extraction and reapplication of hydrocarbons changes the natural structure of the wax layer, similar to the description by for the longhorned beetle Megacyllene robiniae. Another possibility is that the reapplication of extract to a female body does not result in even distribution of compounds over the cuticle.
The different patterns and proportions of compounds observed in the cuticular extracts of male and female A. superciliosus indicate that the ratio between compounds and/or some sex-speciÞc compounds are important factors for the proper activity of contact pheromone in this insect, as has been found in other species of beetles (Zhang et al. 2003 , Ginzel et al. 2006 . It is also possible that the cuticular hydrocarbons present on males and absent or present in low concentrations in females play a role in preventing mating attempts between males (Schlein et al. 1981) . Most of the components identiÞed from both males and females were n-alkanes or monomethyl-branched alkanes. This pattern is similar to that reported for the elytra hydrocarbons of the curculionids Diaprepes abbreviatus (Lapointe et al. 2004) and Cylindrocopturus adspersus (Pomonis and Hakk 1984) .
The mating behavior (step 1Ð3) developed by males exposed to glass dummies coated with female cuticular extracts conÞrms that recognition cues were present in the extract and that the mating response was primarily mediated by chemicals rather than by tactile or behavioral signals from the female. Although no aedeagus extrusion was observed when the glass rods were coated with the partially reconstituted blend or individual hydrocarbons present in female extracts, the males showed some signs of recognition, such as approach, antennal contact and mounting of the dummy particularly with the synthetic female cuticular extract blend (steps 1 and 2, but not steps 3 or 4). These results suggest that one or more minor components present in the female extract (Table 2, IK 2730) may be necessary to induce the full sequence of behaviors that culminate in copulation. Further research will be focused on identifying the minor sex-speciÞc compounds in the cuticular extract of females.
Here, we report that mate recognition in A. superciliosus is mediated by contact pheromones and provide the Þrst evidence of this type of pheromone in curculionids. The information generated in this study provides key baseline information for a detailed study of the semiochemistry of this pest insect. 
